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The creep behavior and elastic properties of cold-drawn poly~ethylene terephthalate! ~PET! films,
annealed in the range 60–240 °C have been investigated by means of microindentation testing. Two
indentation methods have been used. The imaging method has been employed to examine the
viscoplastic properties of the polymer materials while the depth-sensing method was used for the
determination of Young’s modulus values. The creep behavior ~plastic flow! of cold-drawn PET is
shown to be intimately correlated to the nanostructural changes occurring upon annealing. The
observed decrease in the rate of creep, when the glassy material is annealed at 60 °C, has been
associated with the emerging smectic structure, which confers to the material a higher mechanical
performance. The elastic properties of the smectic phase are found to be comparable to those of the
glassy state. Young’s modulus E values of the semicrystalline samples are discussed in light of the
parallel model of crystalline and amorphous layers. E values are shown to depend on the crystalline
lamellar thickness and the degree of crystallinity. Results suggest that Young’s modulus values of
the amorphous constrained regions within the crystals are higher than the E value of the fully
amorphous material. © 2001 American Institute of Physics. @DOI: 10.1063/1.1418000#I. INTRODUCTION
It is well known that cold drawing of isotropic poly~eth-
ylene terephthalate! ~PET! films induces a highly oriented
material.1. A mesomorphic form for PET has been found to
develop under certain hot-drawing conditions or by anneal-
ing after cold drawing.2–5 We have recently reported the
structural changes occurring when glassy cold-drawn PET is
annealed at temperatures in the range 50–240 °C.6 X-ray re-
sults reveal the appearance of a sharp layer reflection at
50 °C. The spacing of this meridional reflection is of 1.07 nm
and it has been associated with the occurrence of a smectic
structure.6 In the smectic state, benzene rings are arranged on
planes perpendicular to the draw direction, whereas the lat-
eral packing of the neighboring molecules shows no crystal-
line order. Annealing above 80 °C induces a gradual transfor-
mation of the smectic phase into a triclinic structure.6 At
100 °C, the smectic phase completely disappears and the
structural changes occurring are associated with an increase
in the degree of crystallinity and to a thickening of the lamel-
lae crystals. This structural rearrangement has been corre-
lated to the mechanical behavior of the material as revealed
by microindentation hardness.6.
Microindentation hardness has been shown to provide
valuable information on the polymer nanostructure.7–9 This
method relies on the local deformation induced on a polymer
surface with a sharp indenter under the application of a given
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ceeded and the indentation depth variation is a combination
of both the viscoelastic and the viscoplastic contribution to
the total indentation depth. There are two main methods for
the acquisition of indentation hardness data. In the first one,
microhardness values are determined from the optical mea-
surement of the residual impression left behind upon load
release ~imaging method!. Microhardness determined in this
way is an indicator of the irreversible plastic deformation
processes, while information about the viscoelastic behavior
is mostly lost.9 The second method is based on the continu-
ous monitoring of the penetration depth as the indenter is
driven into and withdrawn from the film at a constant rate
~depth-sensing method!. Continuous depth-sensing recording
does not provide hardness values directly. However, the
loading/unloading data can be processed on the basis of well-
established assumptions to yield not only hardness data but
also Young’s modulus values.10,11 In the depth-sensing
method, smaller loads can be applied with respect to those
employed in the imaging method, thus, allowing for the in-
vestigation of the mechanical properties of the materials at
the near surface. The depth-sensing method has been re-
cently applied to the study of polymers.12–15
The microhardness behavior of annealed cold-drawn
PET films has been investigated using the imaging method.6
Due to sample orientation, two different hardness values
emerge. The hardness value derived from the measurement
of the indentation diagonal perpendicular to the orientation
direction H’ was shown to be intimately related to the dif-
ferent morphologies emerging upon annealing. On the other6 © 2001 American Institute of Physics
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onal parallel to the draw direction H i were shown to be more
affected by instant elastic releases along the orientation
direction.6
The aim of the present article is to extend the above
studies to the investigation of the creep behavior and the
elastic properties of annealed cold-drawn PET, as revealed
by imaging and depth-sensing microindentation hardness
techniques respectively. Of special interest is the study of the
mechanical properties of the smectic PET mesophase, which
appears as a precursor of the crystallization process. In ori-
ented samples, the imaging method provides a direct and
rapid procedure to examine the viscoplastic properties of a
material, which are directly related to the time-dependent
behavior of H’ . On the other hand, the depth-sensing
method is needed to provide information about the elastic
recovery of the sample in the direction perpendicular to the
orientation of the molecular chains.
II. EXPERIMENT
A. Materials
Amorphous PET was synthesized by Toray Co. Ltd. Ja-
pan ~M n518 000 g/mol!. The isotropic sample film was
drawn at room temperature following the procedure de-
scribed in Ref. 6. The film thickness after drawing is of 0.15
mm. Cold drawn PET samples were annealed with fixed ends
at temperatures Ta in the range 60–240 °C for 104 s as de-
scribed in Ref. 6. Table I lists the different structures appear-
ing as the annealing temperature is raised, together with the
crystalline lamellar thickness values lc and the degree of
crystallinity values ac for the samples annealed at
Ta>100 °C.6
B. Techniques
Microindentation imaging experiments were carried out
at room temperature ~;23 °C! using a Leitz tester and a
Vickers square-based diamond pyramid. H’ values are cal-
culated following 9: H’51.854 P/d’2 , where P is the load
applied and d’ is the measured diagonal of the residual im-
pression in the direction perpendicular to the drawing. The
TABLE I. The emerging structure, crystal lamellar thickness lc , degree of
crystallinity ac ~from Ref. 6! and elastic modulus values for cold-drawn
PET annealed at different temperatures Ta for 104 s.
Ta ~°C! Structure lc ~nm! ac E ~GPa!
Room Glass — — 2.82
60 Smectic — — 2.66
80 Smectic 1 Triclinic — — 2.79
100 Triclinic 1.4 0.22 2.96
120 Triclinic 2.0 0.28 3.09
140 Triclinic 2.8 0.35 3.24
160 Triclinic 3.5 0.41 3.34
180 Triclinic 4.4 0.48 3.52
200 Triclinic 5.2 0.55 3.49
220 Triclinic 7.0 0.63 3.72
240 Triclinic 9.1 0.72 4.37Downloaded 25 Feb 2010 to 161.111.180.191. Redistribution subject tload applied was of 980 mN, which was held for different
periods of time Dt in the range of 0.1–100 min.
Depth-sensing experiments were carried out using a Shi-
madzu ultramicroindentation tester. A Vickers diamond pyra-
mid was used to make indentations. The polymer films were
glued onto a metal holder to avoid air gaps between the
sample and the test piece stage. The specimens were then
positioned on the test stage of the ultramicroindenter and
tightened with the help of two band fasteners. The draw di-
rection is parallel to the sample surface and hence, perpen-
dicular to the direction of the application of the load. The
maximum load applied Pmax was of 0.245 N. The penetration
depth is recorded with an accuracy of 1023 mm. The load is
incremented at constant velocity P˙ up to Pmax , held thereaf-
ter for a period of time Dthold , and subsequently reduced at
the same rate as in the loading cycle. As an example, a typi-
cal load-hold–unloading curve for cold-drawn PET annealed
at 220 °C is shown in Fig. 1. Experiments were carried out
using a loading/unloading rate of 0.0014 N/s and Dthold
5200 s. By using these long indentation cycles, the mea-
sured elastic deformation is close to its limiting value at
infinite time.15 The viscoelastic response of amorphous PET
has been the object of a previous study, where E was inves-
tigated as a function of loading and holding times.15
To evaluate E from the compliance curves, we have fol-
lowed the procedure of Oliver and Pharr.11 This method has
been proved to be successful in evaluating the elastic–plastic
properties of glassy PET and of starch.15,16 The procedure
makes use of the following equation:
Er5ApAc
S
2 , ~1!
where
1
Er
5
12n3
E 1
12n0
2
E0
, ~2!
and where
FIG. 1. Depth-sensing curve ~load P, vs displacement h! for cold drawn
PET annealed at 220 °C for 104 s. The solid line fitted to the experimental
data on the loading cycle follows a power law function of the type shown in
Eq. ~3!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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modulus and Poisson’s ratio of the material, respectively, and
E0 and n0 Young’s modulus and Poisson’s ratio of the in-
denter, respectively, ~n050.07 and E051141 GPa for
diamond!.17 In our case, the contribution of the deformation
of the indenter to the total measured displacement is not
significant and one can neglect the (12n02)/E0 term in Eq.
~2!. Poisson’s ratio for all samples was approximated to
0.3.18
~ii! S5(]P/]h)max is the initial unloading stiffness ~see
Fig. 1!. The upper one third of the unloading curve was fitted
to a second order polynomial. The initial unloading stiffness
is determined by analytically differentiating the second poly-
nomial fit and calculating the derivative at the peak load and
displacement.
~iii! Ac is the projected area of contact at maximum load.
For a perfect Vickers geometry, Ac524.5 hc2, where hc is the
contact penetration depth at peak load. The hc value is evalu-
ated from the intercept of the initial unloading slope with the
displacement axis, and the maximum displacement reached
by the indenter.11
To minimize the error on the determination of the true
zero of indentation depth, the experimental loading curve
was fitted to a power law function of the type14
P5m~h2h0!n, ~3!
m is a material constant, n is the index of the deformation,
and h0 is the true zero point ~see Fig. 1!.
III. RESULTS AND DISCUSSION
A. Creep behavior
Figure 2 shows the double logarithmic plot of the H’
values as a function of indentation time for cold-drawn PET
samples annealed at different temperatures. The time depen-
dent part of the plastic deformation is known to follow a
function of the type9
FIG. 2. Double logarithmic plot of H’ vs Dt for cold drawn PET ~s! and
the same material annealed at the following temperatures: ~d! 60 °C, ~,!
100 °C, ~.! 140 °C, ~n! 200 °C, and ~m! 220 °C.Downloaded 25 Feb 2010 to 161.111.180.191. Redistribution subject tH’5H0Dt2k, ~4!
where H0 is the hardness measured at Dt51 min and k is the
creep constant. Indeed, Fig. 2 shows that microhardness fol-
lows a power-law function of indentation time for all the
samples investigated. The k parameter gives a measure of the
rate at which the material creeps under the indenter and is
equal to the value of the slope of each straight line in Fig. 2.
Figure 3 illustrates the variation of the creep constant as a
function of the crystalline lamellar thickness values. The pe-
riodicity of the meridional reflection associated with the
smectic phase has been also included in Fig. 3 ~1.07 nm!.
The rate of creep of the glassy material is shown to diminish
with the appearance of smectic domains, which confer to the
material a higher structural order. This result is in agreement
with previous microindentation hardness studies on amor-
phous PET films with different degrees of internal order.19
Here, it was suggested that the creep behavior of amorphous
PET is considerably reduced by the presence of ‘‘ordered’’
nanoregions that may play the role of ‘‘embryos’’ or nuclei
of precrystallization. Figure 3 shows that a further decrease
in the creep constant is observed first, with the development
of triclinic crystalline order, and thereafter with the increase
of crystal lamellar thickness. The smectic phase appears to
yield under the indenter at a higher rate than the triclinic
structure. The k values steeply decrease with increasing crys-
tal thickness for small lc values while a leveling off occurs
for large crystal thickness values ~see Fig. 3!. Previous stud-
ies on chain-extended polyethylene, chain-folded polyethyl-
ene, and a series of paraffins, report a similar creep depen-
dence with crystal thickness.20
B. Young’s modulus: Influence of degree of
crystallinity and crystal thickness
Figure 4 illustrates the variation of Young’s modulus val-
ues as a function of the degree of crystallinity for the cold-
drawn samples annealed at Ta>100 °C ~see Table I!. Results
reveal a rise of E with increasing ac . On the other hand, the
E values for samples annealed below 100 °C are shown to
remain nearly constant ~see inset of Fig. 4!. The appearance
FIG. 3. Variation of the creep constant as a function of crystal thickness.
The solid triangle corresponds to the periodicity of the meridional reflection
associated with the smectic phase. The solid curve is a guide for the eyes.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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modulus values. In contrast, in the preceding section, we
highlighted the k decrease observed with the development of
the smectic mesophase ~see also Fig. 3!. The fact that
changes from the glassy to the smectic morphology are
monitored by k and not by E should be related to the differ-
ent deformation modes. While the plastic properties of the
smectic phase are controlled mainly by the degree of struc-
tural order within the oriented domains, the E values seem to
be more influenced by other factors such as chain connect-
edness and local chain elongation.21
Figure 4 also includes the E value for infinitely thick
crystalline regions, E’6 GPa, derived from indentation
depth-sensing experiments on PET microfibrils.22 One can
see that there is a clear deviation of the experimental data
with respect to a simple parallel ~line 1! or a series model
~curve 2! of crystalline and amorphous layers having Ec and
Ea , respectively ~Ea52.8 GPa, Ec56 GPa!. The same situ-
ation applies if a series-parallel model ~Takayanagi model! is
considered.23 Thus, it seems that there is no unique Ec value
for all the samples investigated, i.e., the Ec value depends on
the thickness of the crystals. It is now accepted that Young’s
modulus of polymers depends on the degree of
crystallinity.23 It is also known that the modulus parallel to
the draw direction increases with increasing average crystal
thickness on drawn high-pressure annealed polyethylene.24
However, so far, there is no experimental evidence on the
variation of the elastic modulus in the direction perpendicu-
lar to the drawing with the thickness of the lamellar polymer
crystals.
Let us assume the simplest case, in which the elastic
modulus follows a parallel model of crystalline and amor-
phous layers. This situation conforms to a simple model in
FIG. 4. Plot of E as a function of ac . The dotted lines follow the parallel
~line 1! and the series model ~curve 2! respectively, having Ea52.8 GPa and
Ec56 GPa ~Ref. 22!. The dashed lines follow a parallel model of crystalline
and amorphous layers with Ea52.8 GPa and Ec values which depend upon
crystal thickness lc . The inset shows Young’s modulus values as a function
of annealing temperature for Ta<120 °C.Downloaded 25 Feb 2010 to 161.111.180.191. Redistribution subject twhich the modulus is measured in the direction perpendicu-
lar to the molecular orientation.23,25 Figure 4 illustrates a
series of straight lines ~dashed lines! passing through each
one of the E experimental values. The straight lines in Fig. 4
follow a parallel model, with Ea52.8 GPa and Ec given by
the intersection of the corresponding line with the right-hand
y axis. With increasing annealing temperature the lc value
increases, giving rise to gradually larger crystal modulus val-
ues, the upper limit value for Ec being ’6 GPa.22 The ob-
served E rise with increasing Ta may be immediately ex-
plained in terms of a double increase of ac and lc ~see Table
I!. A similar behavior has been previously found for the in-
dentation hardness of these materials.6 Figure 4 reveals,
however, that in the range lc53.5– 7.0 nm (Ta
5160– 220 °C!, the modulus increase appears to be mainly
due to an increase of crystallinity. The fact that the E modu-
lus is apparently insensitive to lamellar thickness at these
annealing temperatures could be interpreted in terms of a
reinforcing contribution of the chain segments in the amor-
phous layers, which are more constrained than in the low-ac
amorphous regions. Increasing the constraints of the amor-
phous phase would lead to higher Ea values than the starting
one for the amorphous material. Thus, a gradual increase of
Ea with increasing lc value ~in contrast to the assumed con-
stant value of Ea52.8 GPa in Fig. 4! would imply that Ec
increases with lc on the high Ta range.
IV. CONCLUSIONS
The study of the viscoplastic properties of annealed
cold-drawn PET films reveals that the glassy unannealed ma-
terial flows at the highest rate. The rate of creep is found to
diminish with increasing thickness of the crystalline lamel-
lae.
The creep constant value for the smectic phase lies in-
between that corresponding to the glassy material and those
associated to the triclinic structure. This finding suggests that
the viscoplastic flow of cold drawn PET diminishes with
increasing structural order of the material and supports the
concept of the smectic phase being a precursor state of crys-
tallization.
Young’s modulus values of the smectic phase are found
to be comparable to those of the glassy material.
The elastic modulus of cold drawn PET is found to in-
crease with the temperature of annealing Ta . This result is
associated with an increase in both the degree of crystallinity
and the crystalline lamellar thickness with increasing Ta . In
addition, the fact that at high annealing temperatures
(160 °C<Ta<220 °C! the E modulus is independent of
lamellar thickness, has been interpreted in terms of an en-
hancement in the elastic properties of the amorphous regions
which are more constrained than in the low-ac amorphous
phase.
ACKNOWLEDGMENTS
Grateful acknowledgment is due to MCYT ~Grant No.
BFM2000-1474! for the support of this investigation. One of
the authors ~A.F.! is also grateful to the Comunidad Au-
to´noma de Madrid for the award of a postdoctoral grant.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
6010 J. Appl. Phys., Vol. 90, No. 12, 15 December 2001 Flores, Calleja, and Asano1 U. Go¨schel, Polymer 36, 1157 ~1995!.
2 R. Bonart, Kolloid Z. Z. Polym. 213, 1 ~1966!.
3 F. Auriemma, P. Corradini, C. De Rosa, G. Guerra, V. Petraccone, R.
Bianchi, and G. Di Dino, Macromolecules 25, 2490 ~1992!.
4 T. M. Nicholson, G. R. Davies, and I. M. Ward, Polymer 35, 4259 ~1994!.
5 G. E. Welsh, D. J. Blundell, and A. H. Windle, Macromolecules 31, 7562
~1998!.
6 T. Asano, F. J. Balta´ Calleja, A. Flores, M. Tanigaki, F. Mina, C. Sawatari,
H. Itagaki, H. Takahashi, and I. Hatta, Polymer 40, 6475 ~1999!.
7 Y. Deslandes and F. Boudreau, High Perform. Polym. 4, 109 ~1992!.
8 F. J. Balta´ Calleja, Trends Polym. Sci. 2, 419 ~1994!.
9 F. J. Balta´ Calleja and S. Fakirov, Microhardness of Polymers ~Cambridge
University Press, Cambridge, U. K., 2000!.
10 M. F. Doerner and W. D. Nix, J. Mater. Res. 1, 601 ~1986!.
11 W. C. Oliver and G. M. Pharr, J. Mater. Res. 7, 1564 ~1992!.
12 R. H. Ion, H. M. Pollock, and C. Roques-Carmes, J. Mater. Sci. 25, 1444
~1990!.
13 B. J. Briscoe and K. S. Sebastian, Proc. R. Soc. London, Ser. A 452, 439
~1996!.
14 B. J. Briscoe, K. S. Sebastian, and S. K. Sinha, Philos. Mag. A 74, 1159
~1996!.Downloaded 25 Feb 2010 to 161.111.180.191. Redistribution subject t15 A. Flores and F. J. Balta´ Calleja, Philos. Mag. A 78, 1283 ~1998!.
16 A. Flores, R. K. Bayer, K. Krawietz, and F. J. Balta´ Calleja, J. Macromol.
Sci., Phys. 39, 749 ~2000!.
17 G. Simmons and H. Wang, Single Crystal Elastic Constants and Calcu-
lated Aggregate Properties: A Handbook, 2nd ed. ~MIT Press, Cambridge,
MA, 1971!.
18 A. W. Birley, B. Haworth, and J. Batchelor, Physics of Plastics ~Oxford
University Press, New York, 1991!.
19 D. R. Rueda, M. C. Garcı´a Gutie´rrez, F. J. Balta´ Calleja, and S. Piccarolo,
Int. J. Polym. Mater. ~in press!.
20 F. J. Balta´ Calleja, A. Flores, F. Ania, and D. C. Bassett, J. Mater. Sci. 35,
1315 ~2000!.
21 F. J. Balta´ Calleja and H. G. Kilian, Colloid Polym. Sci. 263, 697
~1985!.
22 M. Krumova, S. Fakirov, A. Flores and F. J. Balta´ Calleja ~unpublished!.
23 A. Peterlin, Colloid Polym. Sci. 265, 357 ~1987!.
24 D. C. Bassett and D. R. Carder, Philos. Mag. 28, 535 ~1973!.
25 I. M. Ward, in Developments in Oriented Polymers, edited by I. M. Ward
~Applied Science, Essex, England, 1982!, p. 180.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
